Abstract A holistic understanding of the magnitude and long-term trend of water vulnerability is essential for making management decisions in a given river basin. Existing procedures to assess the spatiotemporal dynamic of water vulnerability in complex mega-scale river basins are inadequate; a new method named ensemble hydrologic assessment was proposed in this study, which allows collection of data and knowledge about many aspects of water resources to be synthesized in a useful way for vulnerability assessment. The objective of this study is to illustrate the practical utility of such an integrated approach in examining water vulnerability in the Yangtze River Basin. Overall, the results demonstrated that the ensemble hydrologic assessment model could largely explain the spatiotemporal evolution of water vulnerability. This paper improves understanding of the status and trends of water resources in the Yangtze River Basin.
Introduction
Many rivers around the world experience dramatic changes in flow, reducing their natural ability to adjust to and absorb disturbances (Palmer et al. 2008 (Palmer et al. , 2009 ). The sustainability of water resources is an increasingly important concern against the backdrop of burgeoning water demand for environmental, domestic, industrial, and agricultural uses to sustain the 9.4-10 billion people expected in 2050 (United Nations 2015). The issue has become more challenging under the circumstance of shrinking water resources (Singh 2014; Singh and Panda 2012) due to both climate variability (Chen et al. 2007; Ravazzani et al. 2015; Vörösmarty et al. 2000) and anthropogenic disturbance (Botter et al. 2010; Mejía et al. 2015; Wang et al. 2013 ). The supply-demand imbalance in the water sector calls for more effective water management practices (Xi and Poh 2015) . However, if detailed status of water resources is uncertain to managers, both suppliers and demanders, then effective allocation among competing uses can be difficult (Sunday et al. 2014) .
Water vulnerability (i.e. physical threats as well as human capability to cope with) assessment is a longstanding concern to water managers, who are also committed to the basin management plans for Integrated Water Resources Management (Plummer et al. 2013; Sullivan 2011) . Interest in assessing water vulnerability dates back to the 1920s; more than 50 approaches are available for this purpose, according to systematic literature reviews by Plummer et al. (2012) and de Grosbois and Plummer (2015) . Composite index, referred as multiple individual indicators in providing a measure of a complex and multidimensional issue, is the general form of the myriad of water vulnerability assessment tools Sullivan and Meigh 2007) . However, reduction of indicators due to data availability, cost-effectiveness, and desire to minimize the number of indicators could damage the conceptual foundation of the existing assessing measurements (de Grosbois and Plummer 2015) . Moreover, comprehensiveness, simplicity, and applicability are important considerations of existing water vulnerability indicators (Chaves and Alipaz 2007; Dickson et al. 2016; Hamouda et al. 2009 ). However, insufficient attention has been paid to the dynamic and comparability of these indicators in the construction process, which can be extremely important in monitoring the evolution of water status in long period. Furthermore, administrative boundaries were usually adopted in water vulnerability assessment. For example, indicators have been developed to assess water security based on communities (Alessa et al. 2008; Cohen and Sullivan 2010) , municipalities (Sullivan 2011) as well as counties (Lawrence et al. 2002; Sullivan et al. 2010) . However, hydrologic processes are mainly affected by the spatial variability of soils, topography, land use/cover, climate changes within the biophysical boundaries of water catchment instead of political governance (Nyerges 2002) . The unique hydrologic characteristics of each evaluation unit cannot be addressed when using administrative boundaries. Thus, tools that enable holistic understanding and indeed visualization of spatiotemporal dynamics of water vulnerability should also be developed at sub-basin level within the biophysical boundaries. The field of hydrology has witnessed a wealth of developments (Bierkens 2015; Dawadi and Ahmad 2013; Fukunaga et al. 2015; Pradhanang et al. 2013; Rouholahnejad et al. 2014; Shrestha et al. 2014; Xi and Poh 2015) . Advances in methodologies, geo-informatics, computational intelligences, and modeling approaches have enriched the scope and role of the information available and are potentially useful to water assessors (Lahoz and De Lannoy 2014) .
The Yangtze River (YR,~6300 km in length), the longest in Asia, runs eastward across central and eastern China from the Qinghai-Tibet Plateau. The Yangtze River Basin (YRB,~1.81 × 10 6 km 2 ), the third-largest drainage basin on Earth, plays an important role in social and economic developments in China. Nowadays the YRB has already been home to 440 million people, over 33 % of China's population, and contributed 40 % of the total GDP (Gao et al. 2012; Guan et al. 2015) . In September 2014, the State Council of China (2014) launched a major new initiative for strengthening the development of the Yangtze River Economic Super-zone. The guidance ushered in a new era of social and economic development for the YRB. The selection of the YRB as our study area is motivated by the great challenge imposed by water resources on the social-economic development of the YRB. Characterizing possible changes in flow extremes and assessing variability in water availability and consumption are critical to the sustainable development of the YRB, but have not been systematically addressed in the literature.
Our main goal in this study is to facilitate holistic water vulnerability assessment at sub-basin scale and to demonstrate the practical utility of such an integrated approach in quantifying the water vulnerability in the YRB. We considered water vulnerability with respect to sustainable freshwater resources only. We believe the ensemble hydrologic assessment (EHA) model can provide a useful approach in which data and knowledge collected at many aspects of river basin can be synthesized by bringing together the full range of powerful tools and understanding. This will lead to a water vulnerability assessment that is useful to water users, hydrologists, and vulnerability assessors.
Data and Method
This section includes six subsections. The first subsection gives information about the study area, while the remaining five subsections are stepwise procedures adopted to construct the EHA model for the assessment of water vulnerability. Strategies and algorithms of the EHA framework used in each step are depicted in Fig. 1. Step 1 (Section "Hydrologic modeling") uses a hydrologic model to represent the physical processes observed in the real world.
Step 2 (Section "Assessment of hydrologic alteration") considers both hydrologic alteration in water yield and flow regime.
Step 3 (Section "Assessment of available water resources") derives available water from the flow duration curves (FDCs) at the outlet of each sub-basin.
Step 4 (Section "Estimation of water consumption") estimates water consumption of both ecosystems and livelihoods.
Step 5 (Section " Evaluation of water vulnerability") employs a space-time matrix to display water vulnerability with respect to supply-demand relationships between available and consumed water resources.
Study Area
Generally, the YRB is partitioned into 12 sub-basins based on the large tributaries that flow into it (Fig. 2) . Sub-basins information including names, acronyms, and area ratios are given in Table 1 . The sub-basin TL was not considered in this study, since this sub-basin is surrounded by the sea on three sides, which would lead to the inaccuracy in determination of flow outlets as well as hydrologic simulation.
Hydrologic Modeling
To determine the flow regime, Soil and Water Assessment Tool (SWAT) was adopted in this paper, which is one of the most commonly used and well-performing river basin scale models. SWAT can be used to predict water yields in large, complex watersheds with varying soil, land use, and management conditions over long periods of time (Arnold et al. 2013; Neitsch et al. 2009 ). For modeling purpose, SWAT model partitions river basin into a number of watersheds allowing the user to spatially compare different areas of the river basin. The hydrologic cycle simulated by SWAT is based on the water balance equation:
where SW t is the final soil water content (mm), SW 0 is the initial soil water content on day i (mm), t is the time (days), R day is the amount of precipitation on day i (mm), Q surf is the amount of surface flow on day i (mm), E a is the amount of evapotranspiration on day i (mm), W seep is the amount of water entering the vadose zone from the soil profile on day i (mm), Q gw is the amount of return flow on day i (mm).
SWAT is a comprehensive model that requires a diversity of information in order to run. Input data used in the modeling process were: (1) Digital elevation model, obtained from the Advanced Spaceborne Thermal Emission and Reflection Radiometer with a 1 arc-second grid of elevation postings (URL: http://gdem.ersdac.jspacesystems. or.jp) (Fig. 3a) . (2) Land cover data for 2010, derived from GlobeLand30, with a spatial resolution of 1 arc-second (URL: http://www.globallandcover.com) (Fig. 3b) (Fig. 2) . The performance of SWAT was evaluated on the basis of statistical relationship between the observed flow and the model output. R 2 was used to describe the proportion of the variance in measured data explained by the modeled data. R 2 ranges between 0 and 1, the higher the value the better the fit, and values greater than 0.5 are considered acceptable (Moriasi et al. 2007 ). Nash-Sutcliffe coefficient (NS) is a normalized statistic that measures the relative magnitude of the residual variance compared to the measured data variance, which ranges from −∞ to 1, with the performance rating acceptable if values between 0 and 1 (Castillo et al. 2014; Moriasi et al. 2007) .
The model was calibrated using observed discharge at 16 stations for 14 years (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) . Another six-year (2008-2013) simulation was used for validation separately. Results of the calibration and validation process were summarized in Table 2 and supplementary Figures 1-4. Statistical results of R 2 and NS values indicated a good consistency between simulated and observed data both in the calibration and validation periods. The modeling performance was particularly good for the Datong station (station no. 16), which is near to the whole basin outlet. R 2 and NS for the calibration period were 0.93 and 0.90 respectively. As for the validation period, the values were 0.93 and 0.86 respectively. Accordingly, SWAT had quite accurately reproduced the rainfall-runoff process for the YRB. The model established in this study was suitable to investigate hydrology and to assist in addressing water resource vulnerability prevailing in the YRB.
Assessment of Hydrologic Alteration
To explicitly identify the hydrologic alteration in both water yield and flow regime, we divided the entire period of analysis into two consecutive, equal durations (i.e. from 1994 to 2003, and from 2004 to 2013). Firstly, average annual water yields at each sub-basin were simulated and compared between these two time intervals. Secondly, the indicators of hydrologic alteration (IHA) were used to determine the alteration in flow regime for each sub-basin. Thirdly, the relative change method was used to compare IHA metrics variation between these two time intervals.
The IHA method, created by Richter et al. (1996) , is a representative, multi-parameter suite of hydrologic indicators that uses regressions of 33 parameters with time to assess alterations of flow magnitude, duration, timing, frequency, and rate of hydrologic change (Richter et al. 1997 (Richter et al. , 1998 (Richter et al. , 2003 . Definition and calculation algorithm of the parameters can be found in Indicators of Hydrologic Alteration Users Manual (https://www.conservationgateway. org/Documents/IHAV7.pdf). This method is based either upon hydrologic data available within an ecosystem or upon model-generated data (Gao et al. 2009; Mathews and Richter 2007) . "Number of zero-flow days" was eliminated in this study, because zero-flow day did not occur for most of the sub-basin outlets during the study period.
Assessment of Available Water Resources
Flow duration curve illustrates the relationship between the frequency and magnitude of flow (Q) over a considered period for a particular river basin (Castellarin et al. 2004; Vogel and Fennessey 1994; Vogel and Fennessey 1995) . Each value of Q has a corresponding exceedance probability p, and an FDC is simply a plot of Q p , the pth quantile or percentile of daily flow vs. exceedance probability p, the quantile Q p is a function of observed flow, where p is defined by To determine the volume of available water resources, yearly FDCs were first constructed using daily-simulated flow at the outlet of each sub-basin. Generally, the ecoenvironmental sector share the top of the priority for water usage, followed by the household, agricultural, and industrial sector. According to this order of priority and flow exceedance rationale, available water resources were then divided into three different blocks: eco-environmental available water (≤Q 95 ), domestic available water (Q 80 to Q 95 ), and agro-industrial available water (4Q 80 ). Assessment of water resources in blocks of water sectors was applied both by Draper et al. (2003) and Dessu et al. (2014) . The total available water within each sub-basin is calculated by adding both water yield of the sub-basin and the inflow from upstream sub-basins.
Estimation of Water Consumption
Water consumption data were available in this study from two major sources. Data from 2003 to 2013 were from water consumption statistics reports of the YRB released by the CWRC on a yearly basis since 2003. Water consumption in this report is calculated as the gross water (including water conveyance loss) that assigned to water users. Four major consumption sectors are included in the statistics report: eco-environment, human population, agriculture, and industry. Eco-environmental water is referred as water provided to city environment, river, lake, or wetland by artificial cultivation measures. Water used for human population includes urban domestic water consumption, urban public water consumption, and rural domestic water consumption. Agricultural water consumption includes livestock water consumption and irrigation of farmland, forest, orchard, and grassland. Industrial water is referred to the newly obtained water, while repeated use of water within the enterprise is not included. To facilitate estimation of water consumption, water collected for different sectors was regrouped into eco-environmental water consumption (ecological and environmental water use), domestic water consumption, and agro-industrial water consumption (agricultural and industrial water use).
Data from 1994 to 2002 were estimated using Grey prediction theory. Techniques that generate reliable estimated water consumption data are needed to mitigate the drawback of unavailable long periods of water consumption data. Grey prediction theory (Deng 1982 ) is a multidisciplinary and generic theory that deals with grey systems. Grey Systems is referred as the systems that lack information, such as structure message, operation mechanism, and behavior document (Deng 1989) . GM (1,1) is one of the most frequently used grey forecasting models, pronounced as "Grey Model First Order One Variable". The process of constructing a GM (1,1) model is initiated by formatting accumulated generation operation (Deng 1989) , with the main purpose to reduce the randomness of the data. Then, the GM (1,1) model can be constructed by establishing a first-order differential equation, aided by using the least square method, the fitted and predicted series then can be obtained from the constructed GM (1,1) model. Detailed constructing process and formulas can be found in (Akay and Atak 2007; Deng 1989; Hsu and Chen 2003; Kayacan et al. 2010 ).
Evaluation of Water Vulnerability
Water budget (WB) was assessed for available eco-environmental water (L1), domestic water (L2), agro-industrial water (L3), and total water (all) volume with respect to their corresponding consumption. The WB ratio determines the degree of sustainable water supply and provides an indicator of water vulnerability (WV), which could be classified into four categories. Values lower than 0.1 are assigned for low WV, on the order of 0.1 to 0.2 are defined as moderate WV, whereas 0.2 to 0.4 indicate medium-high WV, those greater than 0.4 are assigned for high WV which reflect conditions of severe water limitation (Shiklomanov 1996; Vörösmarty et al. 2000) . A space-time matrix was used to display results of water vulnerability for readily comprehensiveness and decision-making.
Results

Hydrologic Alteration
Alteration in Water Yield
Annual precipitation and water yield at 11 sub-basins of the YRB from 1994 to 2013 were calculated (Fig. 4) . Based on simulation results, water yield varied greatly with location. Sub-basins in the downstream yielded more water than those in the upper reach. The lowest average water yield appeared in sub-basin AS (114.9 mm), followed by sub-basin BS (319.4 mm) and HJ (391.9 mm). While four sub-basins which share the highest water yield, namely, . While water yield of the remaining seven subbasins decreased in the second decade compared to the first decade. Sub-basin BL had the most dramatic annual decrease (−211.72 mm), followed by sub-basin DL (−203.86 mm) and sub-basin FH (−161.06 mm). The downward trend in water yield averaged −137.6 mm, which is much more dramatic than the upward trend (+27.2 mm).
The central tendency and variability of annual precipitation and water yield are depicted by boxplots in Fig. 6 . Average precipitation and water yield decreased in the second decade compared to the first decade in sub-basins BS, FY, WJ, DL, BL, FH, and MB (indicated by the median). Enhanced decadal variability in precipitation appeared in sub-basins WJ and BL (indicated by the size of the boxes), while variability in other sub-basins remained stable or reduced. Comparatively, water yield showed larger variability in sub-basins AS, MJ, WJ, and BL. Moreover, there were more outliers in water yield (seven) than in precipitation (two), and all the outliers appeared in the second decade.
Alteration in Flow Regime
Notable decadal variability was found in the above analysis, which necessitates a detailed examination of changes in flow regime. In this subsection, relative deviation percentage of the IHA parameters was used to illustrate the In terms of IHA group 1, the most dramatic shift (31.29 %) occurred in sub-basin AS, which saw a significant increase in mean flow from July to February and an evident downward trend from April to June. Sub-basin BS had a group average of 17.22 with all the monthly mean flows decreased except for May. Sub-basin JJ ranked second in terms of group average, whose monthly mean flows were all in an increasing trend except for May. An increasing trend was also observed in sub-basin HJ. Nevertheless, mean flow experienced a general decline in 9 out of 11 sub-basins, especially the all-time negative deviation in four sub-basins (sub-basin DL, BL, FH, and MB) that located in the lower reach of the YRB.
As to IHA group 2, the most extreme situation also occurred in AS (34.88 %); all minimum flow durations along with base flow index (7-day minimum flow/mean flow for year) suffered a noticeable decline. By contrast, all maximum flow durations rose between these two periods. Followed by sub-basin JJ (22.47 %), all the indicators in this group climbed up. Sub-basin FY remained steady at 4.44 %, with no indicator exceeding ±10 %.
IHA group 3 is the timing of water conditions. Julian date of minimum was ahead of time on average, especially in sub-basin FH and MB; on the other hand, Julian date of minimum generally lagged in time. The biggest fluctuation in both low pulse count and low pulse duration (group 4) occurred in sub-basin DL, with a value of 15.65 and −19.88 %, respectively. Followed by sub-basin MJ, with a greater frequency (low pulse count, −14.71 %) and a shorter duration (low pulse duration, 15.79 %). Group 5 are the rate and frequency of water condition changes.
Water Availability
Based on daily flow simulation, flow rates that equaled or exceeded 50 % (Q 50 ), 80 % (Q 80 ), and 95 % (Q 95 ) of the time for each year were extracted along with the long-term monthly average (Fig. 7) . The difference between average flow and median flow (Q 50 ) is able to indicate the frequency of flow events as higher as or lower than the average flow rate. For example, Q 50 was lower than the average flow in sub-basin MB representing that more flow events were below the average flow rate. Upstream sub-basins had lower flow rate, while downstream sub-basins had higher flow rate. The highest flow rate was in sub-basin MB, followed by sub-basin FH.
Water Consumption
Average water consumed by agriculture and industry occupied 89.62 % of the total consumed water, and water consumed by domestic water use occupied 9.73 %, while average eco-environmental water consumption only accounted for the rest 0.65 % (Fig. 8) contrary, headwater sub-basin AS (0.21 Bm 3 ) consumed the smallest amount of water.
A clearly upward trend was observed in both domestic water consumption and eco-environmental consumption in all sub-basins (Fig. 9) . Whereas agro-industrial water consumption showed different trends in different sub-basins, a slightly downward trend was observed in sub-basins DL, MJ, WJ, and AS, and was found to be leveled off at subbasin BS, while consumption in the remaining six subbasins were all on the rise. Water resources consumed in agriculture and industry accounted for a large majority of water consumption. The sub-basin that was solely on the decline in total water consumption was sub-basin WJ. The individual trend was well caught by GM (1,1) model, the predicted performance was satisfied.
Water Vulnerability
Water vulnerability of 11 sub-basins from 1994 to 2013 was partitioned into four categories based on threshold values (Figs. 1 and 10 ). Water vulnerability of sub-basins AS, FY, FH, and MB were all at low level except for moderate level found in both sub-basins AS and FY. Medium-high WV and high WV appeared in the remaining sub-basins with varying frequency. High WV mostly appeared in sub-basin BS (n = 17), followed by sub-basin HJ (n = 5) and JJ (n = 4). Medium-high WV mostly appeared in sub-basin HJ (n = 28), followed by sub-basin DL (n = 20), sub-basins MJ and JJ both ranked the third place with 12 medium-high WV status. High WV status was mostly found in domestic water use (n = 16), medium-high WV status was mostly found in agriculture and industry water use (n = 44), and low WV mostly appeared in eco-environmental water use (n = 206). No high WV was observed with respect to total water use in 20 years while more than half of the status of low WV (n = 118) were found in considered time period. Water status in high WV and medium-high WV both increased in the recent decade with more than doubled counts (10 high WV and 31 medium-high WV in the first decade; 21 high WV and 64 medium-high WV in the second decade).
Discussion
Hydrologic Characteristics of the YRB Hydrologic alteration, the most important driving force of available water resources variation, explains dynamics in water resources availability. There was a clear downward tendency in water yield in 7 out of 11 sub-basins during these two decades, which would potentially pose threat to the balance of water supply and demand interaction. 
Spatiotemporal Water Vulnerability of the YRB
When water vulnerability is assessed at sub-basin level on a yearly basis, both spatial distribution composed of distinct sub-basin characteristics and temporal pattern composed of unique yearly status are obtained. Although sub-basins FY, FH, and MB had sufficient water to meet its aggregate annual sub-basin wide demand during these two decades, the significant decrease in available water and sustained growth in water consumption observed in these three subbasins may pose a threat for future WB. The provision of adequate and stable water to these sub-basins is extremely vital, considering their large population and fast growing economic development. Sub-basin AS is the headwater of the YRB, water resources in sub-basin AS were also able to provide adequate quantity of water to fulfill the need of its small population and low-intensity development in the mountainous headwater region.
However, the remaining sub-basins were detected with higher levels of vulnerability. In sub-basin BS, the ecoenvironmental volume (BS-L1) and domestic volume (BS-L2) showed high vulnerability level, whereas water vulnerability for agro-industrial volume (BS-L3) and total volume (BS-all) showed different patterns. Flow rate in this sub-basin was very low in winter season; consequently, Q 95 and Q 80 were not sufficient to meet eco-environmental and domestic water consumed in this sub-basin. Sub-basins AS and BS are known for the abundant hydropower stored in the huge altitude difference of 5.1 km in the main stream of Jinsha Jiang River, which accounts for 95 % of the altitude difference of the whole YRB. The fluctuation in water resources may bring instability to hydropower production, and the decreasing monthly flow at sub-basin BS may exert pressure on WB.
Among the sub-basins in the YRB, sub-basin HJ was at the highest vulnerability level in terms of total WB. Despite a slight increase in average annual water yield in the later decade, the vulnerability level did not reduce. The dramatic increase in extreme low flow rate also exerted pressure on domestic water consumption, which can be seen by the darkened color in HJ-L2 along the time scale (Fig. 10) . Subbasin HJ is the major water source of the middle project of South-to-North Water Diversion Project ; this massive project was partly finished and began transferring water to the northern part of China in September 2014. The designed transfer volume is 13 Bm 3 each year; the final destination is Beijing (the capital of China). However, the decreasing trend in water resources had already showed before the operation of this project. The climate abnormality and human activity intensity may continue to pose pressure to the HJ sub-basin in the following years, especially after the South-to-North Water Diversion Project .
Sub-basin JJ is located in the east side of sub-basin HJ; water status remained stable in agro-industrial volume (JJ-L3) and total volume (JJ-all), which indicates that the increment in both water yield and high flow rate was able to fulfill the need for increasing agro-industrial demand in this sub-basin. Recently however, high vulnerability in domestic volume (JJ-L2) appeared more frequently. This happened because the prominent rise in low flow rate made the Q 80 fail to balance the increasing domestic water consumption. The domestic volume of sub-basin MJ (MJ-L2) was exposed to high vulnerability only in the year 2012, despite the fact that large cities such as Chengdu and Chongqing that have high industry and population density are situated in this sub-basin. In spite of total water consumption dropped in sub-basin WJ, vulnerability in WB was accelerated. Sub-basin WJ has high density of agricultural population. However, vast migration of rural workers from the countryside to the urban area from the 1990s of the last century contributes to the reduction in water consumption (Li 2003; Shi 2008) . Sub-basin DL had the largest water consumption as well as water yield; nevertheless, vulnerable water status has already become a major barrier of environmental and economic development in this sub-basin (Chang et al. 2010; Dai et al. 2008) .
Sub-basin BL remains the most well-protected pristine biodiversity, which may be due to the low water vulnerability status in this sub-basin. This region is one of the most important wetlands on earth, recognized by the International Union for the Conservation of Nature. The submerged aquatic plants and their rich diversity make it the heaven for hundreds of thousands of wintering birds (de Leeuw et al. 2010; Feng et al. 2012) . Unfortunately, this sub-basin suffered the most dramatic decline in water yield, which may constitute one of the potential reasons for frequently reported drought events since the beginning of this century (Feng et al. 2012; Zhao et al. 2010) .
Overall, the numbers of high WV and medium-high WV were more than doubled in the recent decade compared to the former decade. The strengthened vulnerability in water resources almost showed in every sub-basin of the YRB. In addition, water resources used in agriculture and industry constitute the vast majority of water consumption, and the volume for agro-industrial water consumption was the most vulnerable block. Comparatively, the available water volume for eco-environmental consumption was the least vulnerable block, the upward trend was clearly observed in both domestic water consumption and eco-environmental consumption in all sub-basins. The ongoing development would continue to pose a greater threat to the water sustainability of the YRB. The increasing conflict between availability and consumption in the YRB is projected to continue. Trend in water resources status results may shed light in the near future in the basin.
Advantages and Potential Limitations
This research has promoted water vulnerability assessment in several aspects. Firstly, contrary to existing water vulnerability methods that mainly focus on assessing stationary status, the application of the EHA model in the YRB captures the dynamic variation of water vulnerability from 1994 to 2013 with a high temporal resolution (yearly) and predicts potential trends of future water status. Secondly, compared to the frequently employed administrative boundary of most existing assessing tools, the EHA model assesses water vulnerability at sub-basin level within the biophysical boundary, which leads to a better interpretation of water vulnerability. Thirdly, consideration of the linkage of hydrologic alteration, water availability, and water consumption allows a collection of data and knowledge about many aspects of water resources to be more effectively applied to vulnerability assessment. The supply-demand relationship gives straightforward insight about the driving forces of water scarcity. Integrated assessment of water resources that comprises the interactive relationship between supply and demand of water presents a new perspective of water vulnerability.
The improvements of method that bring these advantages can only be expected using the multi-model ensemble; however, at the same time uncertainty is introduced. Generally, uncertainty exists in the configuration of the physical system, including SWAT model inputs, the extraction of available water resources, and the calculation of water consumption. Although hydrologic models, only an approximation of reality, are increasingly more complex and capable of modeling and assessing complex hydrologic processes, it is seldom practical to eliminate all sources of uncertainty completely.
In addition, this study needs a collection of data to be synthesized for vulnerability assessment. However, data scarcity is a common problem in hydrological modeling and assessment, especially for basins with large area (Bangash et al. 2012; Candela et al. 2012; Legesse et al. 2003; Xie and Cui 2011) . The YRB also suffers from scarce data availability. Although with limited data, the observed hydrologic trend in this paper is consistent with other assessment researches conducted in the YRB, the hydrologic assessment result is convincible.
Conclusion
In order to allocate water in a reasonable and efficient way, a better understanding of water status across heterogeneous basins is needed. In this paper, a group of hydrologic techniques was carefully organized and successfully implemented to facilitate evaluation of water vulnerability status of the YRB, which is described as the EHA model. Evaluating water vulnerability from an integrated perspective of hydrologic alteration, water availability, and water consumption at sub-basin level, general hydrologic characteristics of the basin itself and distinct rule of each subbasin were observed.
Strengthened water vulnerability was observed in all subbasins in the YRB, which was driven by both noteworthy reduction in available water resources and remarkable increase in consumed water. The demand of water resources is expected to grow in the near future especially with the promotion of the Chinese government. Under the circumstances of global climate change and basinal economic growth, water managers and economic planners should understand more about the status and future potential changes in the water sector, and ensure maximum degree of flexibility in their water management operations. Highly vulnerable sub-basins may require both supply and demand management in the future to balance the deficit. The differences in water condition among sub-basins suggest the need for an integrated basin-wide approach that considers unique feature of each sub-basin in water resource management in the YRB. Moreover, the society should be able to take action to prepare themselves for future conditions, increase their ability in confronting water vulnerability and cooperate their efforts in improving water security.
